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Abstract 
The steam pyrolysis of Dimethyl formamide (DMF) was studied in a tubular flow reactor at 
atmospheric pressure. The experimental data were obtained in a temperature range of 500 - 1100° C for 
different flow rates and steam to amide mol ratios. The reaction products were analyzed by using gas 
chromatography (GC/TCD) and high pressure liquid chromatography (HPLC/RI). The experimental 
data was analyzed by using a power law model to estimate apparent rate constant and corresponding 
activation energy. A reaction network model is also developed to include reaction mechanism of steam 
pyrolysis.
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1. Introduction  
    Tri-n-butyl phosphate (TBP) and its analogues are the most widely used solvents in nuclear fuel 
reprocessing units since 1950 despite their several drawbacks. TBP is also known to form explosive red 
oil mixtures with nitric acid resulting into run-away reactions. Since it does not decompose completely, 
it is not treated as an eco-friendly solvent [1]. As a replacement for TBP, diglycolamides are being 
actively investigated as tridentate ligands to complex with actinides and lanthanides. N, N, N’, N’- 
Tetraoctyl Diglycolamide (TODGA) and N, N’ -Dimethyl - N, N’- Dioctyl -3- Oxadiglycolamide 
(DMDODGA) are completely incinerable and do not leave any toxic waste [2, 3]. 
    We present here steam pyrolysis as a waste solvent management method for the amides. Pyrolysis is 
a thermal decomposition of organics at higher temperatures in the absence of air/oxygen. We have 
selected steam as a diluent because of its wide usage in industry and its ability to act as a reactant, 
especially in case of stainless steel flow reactors to convert carbon into carbon oxides [4]. N, N-
dimethyl formamide (DMF) was selected as a model compound for the pyrolysis studies. The present 
experimental data is expected to be useful in the steam pyrolysis of radioactive waste amides as well as 
for other organic solvents.
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2. Materials and Methods  
2.1. Steam Pyrolysis Equipment 
    A laboratory scale steam pyrolysis set-up consisting of a pre-heater - vaporizer assembly, 70 cm in 
length, and a pyrolysis flow reactor, 40 cm in length, was fabricated by using SS 316 tube (12 mm OD 
× 10 mm ID). The preheater – vaporizer assembly was wound by flexible heating tape which can be 
electrically heated up to 500° C. The pyrolysis reactor was placed in a ceramic furnace and was 
operated up to 1100° C. The temperatures of pre-heater – vaporizer assembly and pyrolysis plug flow 
reactor were separately controlled by two different temperature regulators along with K-type 
thermocouples. A dual channel peristaltic pump was used to charge distilled water and DMF into the 
vaporizer and pre - heater. The flow of DMF was varied from 5.7 g h-1 to 85.2 g h-1 and that of distilled 
water was varied from 6 g h-1 to 90 g h-1. The mol ratio of water to DMF also was varied from 0 to 3.15 
in the experiments. The pyrolysis plug flow reactor was followed by a metal condenser and then a phase 
separator with a water cooled jacket. The reaction products were passed through the cooling system and 
finally separated into liquid and gaseous phases. The gases were further transported to digital gas flow 
meter for flow measurement and then were collected for analysis by gas chromatography. The liquid 
phase was analyzed by using high performance liquid chromatography (HPLC). 
2.2. Analysis of Products  
    The HPLC analysis was conducted with a 5 μm Hypersil RP C-18 column (25 cm in length)  
mounted on a JASCO PU-980 HPLC Chromatograph equipped with a 20 PL loop injector and a 
Refractive Index Detector (Jasco RI – 2031 plus). The column was equilibrated with pure de-ionized 
water as a mobile phase at a flow rate of 0.5 ml/min. The analysis of gaseous products was performed 
on a Chemito GC 8610 gas chromatograph incorporated with the Thermal Conductivity Detector 
(TCD), using a Hayesep D stainless steel packed column (25 feet in length, i.d. 2.4 mm) at 25° C. 
Nitrogen and hydrogen were used as carrier gases with a flow rate of 15 ml/min. All the products were 
identified by comparing against standards.
3. Results and discussion 
3.1. Kinetics of thermal decomposition of DMF 
    DMF decomposed in the presence of steam at 700, 800, 900 and 1000° C at atmospheric pressure. 
The apparent rate constants (k) and corresponding activation energy were determined with the 
assumption that thermal decomposition of DMF (AF) is an irreversible, first-order reaction governed by 
the relation,
AF   +   SW   Æ   ȣ1R1 + ȣ2R2 + …….. +   Sw                                                                                                                                               (1) 
    Steam (SW) is assumed as an inert diluent. For a tubular plug flow reactor and first order, irreversible 
reaction the following equation is applicable [4]. 
k .Ĳ = (1 + İ)  ln (1/(1-x)) -   İ . x                                                                                                            (2) 
    For the thermal decomposition, the values of ȣ (moles of product formed per mole of DMF), x 
(conversion of DMF) and İ (relative volume change in the system when passing from zero to complete 
conversion) were determined experimentally. The conversion of feed to the reaction products depend on 
the temperature and residence time. Eq. (2) gives conversion (x) as a function of the residence time (Ĳ) 
at given temperatures (Figure 1). The values of rate constant (k) were determined from Eq. (2) and are 
given in Table I. The activation energy was estimated from the measured rate constants and Arrhenius 
equation to be 56.14 kJ mol-1.   
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Table 1. Rate constants for the steam pyrolysis of DMF in the presence of steam 
Temperature (K) Rate constant (k) 
973 0.12 
1073 0.37 
1173 0.51 
1273 0.64 
Fig.1. Graphical presentation of Eq. (2) for first order reaction at different temperatures
3.2. Effect of temperature 
    The conversion of DMF increases from 62 to 89 % with increasing reaction temperature from 500 to 
1100°C. Amongst the gaseous products, six gases, viz. hydrogen, oxygen, nitrogen, carbon monoxide, 
methane and carbon dioxide were detected. In the liquid phase, Dimethyl amine (DMA) and 
unconverted DMF were analyzed and quantified. The effect of temperature on % conversion of DMF 
and detailed quantitative analysis of all the reaction products are schematically shown in Fig. 2. With 
increase in temperature, DMA continuously decreased as at higher temperatures, DMA undergoes 
further thermal decomposition to yield methane and nitrogen. The mol % of hydrogen; nitrogen and 
carbon dioxide are comparatively much higher than rest of the reaction products. 
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Fig.2. Effect of temperature on conversion of DMF and product distribution  
3.3. Effect of water: DMF mol ratio  
    In these experiments, continuous increase in conversion of DMF was observed with increasing water: 
DMF mol ratio that confirms intensification of the gasification process by steam. The effect of water: 
DMF mol ratio on % conversion of DMF and overall products composition at 800 oC is shown in Fig. 3. 
The mol % of CO2 in effluent gases increases with increasing amount of steam whereas the mol % of 
CO and O2 decreases continuously. Initially, there is a slight increase in the yield of methane and then it 
reduces successively. From these observations, it appears that steam provides oxygen for the partial 
oxidation of carbon components into carbon dioxide in the reaction mixture. Hence, coke formation was 
scarcely found in the experiments performed.
3.4. Effect of flow rate 
    Experiments were carried out over the range of DMF flow rates (0.1 ml/min to 1.5 ml/min) with 
fixed water to DMF mol ratio of 1.05. Fig. 4 shows the relation between % conversion of DMF and 
flow rates at different temperatures.  
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Fig.3. Effect of water: DMF mol ratio on product composition at 800° C, flow rate 1 ml/min
    With increasing flow rate, the residence time (Ĳ) for the feed in the reactor decreases, resulting into 
lower conversions of DMF. The maximum conversion of DMF (94.5 %) was found at 1000° C and at 
the lowest flow rate of 0.1 ml/min.
 
Fig.4. Effect of flow rate on conversion of DMF at different temperatures  
3.5. Reaction mechanism  
Most authors have accepted that the pyrolysis of organic compounds follows a free radical 
mechanism [4]. On the basis of a detail analysis of reaction products, the mechanism for steam 
pyrolysis of DMF is proposed. At higher temperatures, in the presence of superheated steam, DMF 
undergoes first hydrolysis to form Dimethyl amine (DMA) and formic acid. Formic acid decomposes 
into hydrogen and carboxylate radicals. Carboxylate radical breaks into CO and hydroxyl radicals. 
Dimethyl amine also breaks into a DMA radical and hydrogen radical. The DMA radical undergoes 
fragmentation to give methyl, hydrogen and nitrogen radicals. In secondary reactions, methyl radicals 
undergo C-H bond cleavage to form methylene radicals (carbene). The methylene radical reacts with 
steam on the metal surface to form CO and hydrogen [4]. Carbon monoxide undergoes water-gas shift 
reaction to form carbon dioxide and hydrogen. Regeneration of water takes place by combining  
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hydrogen and hydroxyl radicals. Decomposition of hydroxyl radicals results into hydrogen and oxygen. 
In the steam pyrolysis of DMF, no solid compounds (coke) are formed as gasification of DMF at the 
reactor wall is influenced by the superheated steam. An advantage of steam is its ability to convert 
carbon into its oxides. Therefore, the reactor wall remains free from carbon deposition. If the steam: 
DMF mol ratio is lowered then it may result into some coke formation. It was also observed that with 
the increasing number of pyrolysis experiments the nature of reactor wall surface has changed which in 
turn affected conversion of DMF, overall yield and composition of all the reaction products.  
4. Conclusion  
    The steam pyrolysis process can be efficiently used to decompose organic amides. The thermal 
decomposition of DMF in the presence of steam over the temperature range of 700 - 1000° C is an 
irreversible, first order reaction with activation energy of 56.14 kJ mol-1. Higher conversion of DMF 
was found at higher temperatures, lower flow rates and higher steam: DMF mole ratios. Steam 
intensifies the gasification process by enhancing cracking of DMF. The mol % of carbon dioxide in the 
effluent gases increases with increasing amount of steam, whereas the mol % of CO and O2 decreases 
continuously. Carbon dioxide was scarcely found in the absence of steam that all concludes steam 
enhances oxidation of carbon components in the reaction hence; coke formation is negligible in the 
steam pyrolysis process. The product composition clearly shows that hydrogen, carbon dioxide and 
nitrogen are formed in higher amounts compared to oxygen, methane and carbon monoxide. All these 
gases except carbon monoxide can be released in the environment after a needful treatment. The 
experimental data can be useful for industrial scale up of steam pyrolysis of radioactive waste organic 
solvent.  
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